Abstract-A novel printed diversity monopole antenna is presented for WiFi/WiMAX applications. The antenna comprises two crescent shaped radiators placed symmetrically with respect to a defected ground plane and a neutralization lines is connected between them to achieve good impedance matching and low mutual coupling. Theoretical and experimental characteristics are illustrated for this antenna, which achieves an impedance bandwidth of 54.5% (over 2.4-4.2 GHz), with a reflection coefficient 10 dB and mutual coupling 17 dB. An acceptable agreement is obtained for the computed and measured gain, radiation patterns, envelope correlation coefficient, and channel capacity loss. These characteristics demonstrate that the proposed antenna is an attractive candidate for multiple-input multiple-output portable or mobile devices.
T HE unprecedented growth in the use of wireless communication technologies internationally has opened an immense commercial opportunity for the mobile industry. Over recent years, due to the rapid evolution of wireless service applications including live HDTV broadcast, online game, and real-time video streaming, mobile electronic devices that are capable of handling these high data rate applications are in burgeoning demand.
Multiple-input multiple-output (MIMO) communication technology implements multiple antenna elements on the transmitting and receiving ends of the MIMO system to achieve the aim of maximizing the channel capacity for delivering high data rate traffic in a rich scattering environment [1] [2] [3] . Theoretical and experimental published research articles [3] , [4] confirm the superior data rate enhancement, multipath fading reduction and co-channel interference suppression capabilities [1] , [2] when deploying MIMO technology. Due to the competitive market pressures, mobile device manufacturers have to improve their products to enable MIMO radio within the existing low-profile handheld devices. When implementing a single antenna element on a portable wireless device, bandwidth enhancement, and size reduction are critical criteria, so that the antenna can operate over as many existing wireless communication standards as possible. Nevertheless, when multiple antenna elements are closely fitted into a confined space within the standard commercial enclosure, mutual coupling/isolation between these antennas becomes another crucial parameter that has to be taken into consideration. Hence, it is a challenging task to design a compact MIMO/diversity antenna with low mutual coupling among its elements while preserving the performance of a single element antenna, when these antennas are forced to be installed within a small area enclosure. In general, the mutual coupling between two closely placed antennas is mainly caused by induced currents due to the sharing of common ground and near field coupling [5] . This adverse impact can degrade the radiation performance of the antenna. Significant research efforts to reduce the mutual coupling or achieve good isolation between closely placed antenna elements have been made [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . For example, by modifying the geometry of the defected ground plane of the printed antenna array [6] [7] [8] [9] , port-to-port isolation as good as 20 dB can be realized, where the minimal distance between two antennas can be kept between 0.0147 to 0.08 . These studies include inserting tree-like structure in the defected ground plane [7] , embedding T-shaped and dual inverted-L-shaped ground branches in the ground plane [8] and cutting a resonant slot in the center of the ground plane [9] . It is also interesting to observe that by adding a lumped-element decoupling network after the two coupled antenna, the inter-port isolation better than 15 dB can be obtained for two planar radiators separated by 0.069 [10] . However, this method will increase the cost of manufacture and lumped elements will impair the radiation efficiency of the antenna. Moreover, many efforts have been made using electromagnetic band gap (EBG) structures [11] [12] [13] to suppress the unwanted surface propagation wave at a specific frequency, and thus minimize the mutual coupling between antenna elements. These EBG structures provide a substantial decoupling effect, but suffer from large size, high cost of manufacture and complicated design. In order to avoid increasing the volume and weight of the antenna, authors in [14] [15] [16] propose a neutralization technique to cancel out the reactive coupling between two closely placed radiators. This is done by physically connecting the multiple antenna elements with a transmission line. This method has been initially used on a suspended PIFA antenna structure as in [14] , [15] . Then, this work was further adopted on a printed microstrip antenna array for mobile applications [16] . The results in [14] [15] [16] reveal that this technique provides an isolation of about 18 dB between two antenna elements for 0018-926X/$31.00 © 2012 IEEE which the center to center inter-element spacing ranges from 0.027 to 0.12 . By examining all these methods as in [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , it is noticed that they are only capable of offering narrow band isolation between two antennas and very few techniques such as in [7] can handle wide band isolation. In order to fill this need, the present paper introduces a novel wideband isolation technique for two closely spaced printed monopole antennas. This has been realized by connecting the two antenna elements with a new neutralization lines configuration that is able to suppress the mutual coupling between closely packed monopole antennas operating in the same frequency band. In comparison with neutralization line methods used in [14] [15] [16] , this present method offers enhanced performance in terms of good impedance matching across the desired operating frequency bands combined with high inter-port isolation between the antenna elements. Each antenna is designed to operate over a bandwidth from 2.4 to 4.2 GHz and is intended to meet the demands of the existing wireless communication standards, i.e., Wifi and Wimax. The overall dimensions of this antenna, including the ground size (i.e., equivalent terminal size) are 90 40 0.79 mm . Using a composite neutralization line etched on the substrate between the two antennas, it is found that an isolation better than 17 dB over the whole frequency band can be achieved when the two antennas are separated by .
II. ANTENNA DESIGN CONCEPTS AND STRUCTURE
The proposed antenna geometry is illustrated in Fig. 1 . A crescent shaped radiator which is similar to that in [17] is adopted. The radiator is fed by an 10.86 1 mm 83 microstrip line which improves impedance matching. The radiators are separated by 23.9 mm, approximately (where is the free space wavelength) at 2.4 GHz (i.e., the lowest resonant frequency) for the optimal mutual coupling suppression. These radiators are printed on one side of a Duroid 5870 substrate material with a thickness of 0.79 mm, dielectric constant of 2.33 and a loss tangent of 0.0012, while a 67.5 40 mm defected ground plane is located on the other side of the substrate. It should be noted that the defected area size 26 8.25 mm located on the top of the ground plane, is introduced for the purpose of improving the impedance matching at the input ports of the both antennas. The total dimension of the proposed antenna is 40 90 0.79 mm which is ideal for application in a PCMCIA network card or a mobile device.
The wide impedance bandwidth characteristic of a single element of the proposed antenna can be realized by manipulating the radii of the sections of two circles that constitute the radiator [17] . By controlling these parameters, two resonant modes can be established. When two suitable modes are constructively merged, the desired wide impedance bandwidth can be obtained. In addition, for the dual antenna shown in Fig. 1 , to achieve sufficient isolation between the two identical elements maintain a good impedance matching over the desired frequency band, a new neutralization lines (0.5 mm widths) structure was introduced between the two radiators. In principle, its function is to provide an anti-phase coupling current to eliminate the original coupling current. Hence, the existing electromagnetic coupling between two antenna elements can be weakened. To find optimal locations of lines, several simulations were performed to check the isolation, return loss and radiation characteristics of the antenna. It was interesting to find that these lines had to be linked to a low impedance area of the radiators where the currents have the highest intensity, for optimal performance of the antenna. These findings were in agreement with published works [14] , [15] . Notably, in the present case study, two maximum current locations were selected, i.e., one is on the center of the crescent radiator and the other is on the end of the transmission line. In general, the neutralization lines transfer some currents from the first antenna and re-inject it in the second antenna with a suitable magnitude and phase to cancel out the existing coupling current between two antenna elements. The additional network does not remove the inherent coupling between the antennas, but enhances the inter-port isolation. The coupling network does not have attributes of a filter or resonator, and most resembles a branch line coupler introducing several paths between its nodes.
To evaluate the effectiveness of the neutralization lines, the simulated reflection coefficient and mutual coupling of the proposed antenna with and without the lines are shown in Fig. 2 . As can be seen, by implementing the lines, can be improved from 8 dB to below 10 dB, while values vary between 12 and 20 dB without the neutralization lines, and 17 and 34 dB with the lines, across the operating frequency band.
For better understanding the neutralization mechanism, assuming port 1 is excited and port 2 is terminated in 50 , Fig. 3 illustrates four possible current paths travelling from antenna element 1 to 2. The solid line and dashed line current paths represent the original coupling current path without neutralization lines, and the decoupling current path with the lines. These plots give more insight into the contribution of the neutralization lines of this antenna at several frequencies, enabling adjustment to establish good return loss and isolation within the operating impedance bandwidth. At case (a), the total length of shortest continuous decoupling current path is 46.69 mm which is 0.5 (where is free space wavelength) at 3.2 GHz. This current path contributes to enhance isolation at the highest edge of the frequency band. At cases (b) and (c), both of the continuous decoupling current paths are 64.39 mm which is approximately 0.5 at 2.35 GHz. These two current paths have the pivotal role in improving the inter-port isolation at the lowest edge of the operating band. This explanation can be validated by the parameters curve of the antenna with the neutralization lines on Fig. 2 . As can be seen, the antenna with neutralization lines show a 33-dB-deep null at 2.35 GHz. At case (d), the full length of the longest current path of the neutralization lines is 82.09 mm, which is around 0.5 at 1.8 GHz. Since the operation frequency of this current path is 600 MHz away from the lowest operating frequency (2.4 GHz) of the proposed antenna, therefore, it has no significant influences on the antenna performance. Some further insight into the operation of the network can be obtained by disconnecting certain sections, as shown in Fig. 4 . With path CE removed, the paths ADC and JGE are found to improve without a strong effect on . The improvement in has the typical behavior of a higher order matching scheme, with a flattened region in the band and worse match outside it. The frequency selectivity is clearly a result of the differential lengths between paths AB and ADC. The neutralization is clearly due to current injection from path CE, but this path alone produces only small improvement without the paths ADC and JGE being present. Effective neutralization appears to require the injection via CE but modified in amplitude and phase by the changed voltage transfer function between AC (and JE) produced by the paths ADC and JGE.
Moreover, to further understand the contribution of the neutralization lines, the simulated surface current distributions of the antenna with and without the lines are illustrated in Fig. 5 . As can be seen, when the port 1 is excited and port 2 is terminated in 50 , without the lines, the surface currents flow in the excited radiator induces current in the feed line of the port 2 radiator at all frequencies. This introduces a strong mutual coupling between the two antenna elements. By inserting the lines, it can be noticed that the surface currents on both radiators are transferred to the neutralization lines and a current of similar magnitude in the top of the neutralization line is clearly seen to cancel this feed line current. This tends to decouple the currents on the port 2 radiator and hence it enhances the isolation between the two radiator elements efficiently.
III. RESULTS AND DISCUSSION
To validate the simulated results, a prototype of the proposed antenna was fabricated and tested, as shown in Fig. 6 . The measured and simulated values of and are plotted in Fig. 7 : these results exhibit reasonable agreement although there is a frequency shift that can be attributed to reflections from the SMA connector and some uncertainty in the electrical properties of the substrate material. As can be seen, the impedance bandwidth of the antenna encompasses the operating frequency spectra from 2.4 to 4.2 GHz for a reflection coefficient 10 dB, which corresponds to 1.8 GHz bandwidth or about 54.6% relative bandwidth with respect to the center frequency of 3.3 GHz. The bandwidth achieved fully covers the requirements of WiFi (2.4 to 2.485 GHz) and WiMAX (2.5 to 2.69 GHz and 3.3 to 3.7 GHz).
For diversity and MIMO application, the correlation coefficient between the two antenna patterns is another paramount factor in the usefulness of this antenna, since it is directly connected with the loss of spectral efficiency and degradation of performance of a MIMO system [1] , [2] . In general, the envelope correlation coefficient of an antenna array can be computed by using either the far-field radiation pattern [2] , [18] or scattering parameters from the antenna system [19] . Due to the complication of the 3D far field measurement and calculation, the -parameters method of computing the correlation coefficient of the two antennas is used. According to [19] , the envelope correlation coefficient of a two antennas system can be determined using the following equation:
(1) Fig. 8(a) shows the variation of the envelope correlation coefficient across the desired operating frequency band. Both simulated and measured are less than 0.005, which is comparable to the results obtained from [14] , [18] . However, there is a slight discrepancy between the simulated and measured results that can be attributed to truncating the entire structure (including measurement cables) in the simulation.
Theoretically, increasing the number of antennas of the MIMO system can improve the channel capacity. However, the presence of uncorrelated Rayleigh-fading MIMO channels will induce loss of channel capacity. This loss can be computed from the correlation matrices given in [3] , [20] , [21] . In the case of 2 2 MIMO system, taking the consideration of only the receiving antennas are correlated and assuming the worst scenario where high SNR is occurred, the capacity loss can be evaluated by using the equation as follows [20] , [21] : (2) where is the receiving antenna correlation matrix that given by: , and , For or 2. The simulated and measured capacity losses of the proposed MIMO antenna are shown in Fig. 8(b) , where it can be seen that neither exceeds 0.4 bps/Hz over the operating frequency band, and that the variations are very similar to those of the correlation coefficient [13] , [14] . It should be noted that the measured and simulated radiation efficiencies of this antenna configuration were above 90% across the whole bandwidth. These results confirm that good impedance matching and isolation between two antenna elements lead to low capacity loss. Fig. 9 plots the simulated and measured maximum gains of the MIMO antenna over the interval from 2.35 to 4 GHz. At low frequency band from 2.4 to 2.7 GHz, the results show fluctuation can be reached as high as 1.2 dBi. As at higher frequency band above 2.7 GHz, both disagreement of results reduce to as low as 0.5 dBi. This is due to the cable loss, misalignment of the antenna and presence of SMA connector in the measurement which is not taken into consideration in the simulated modeling processes. It should be noted that the measured maximum gain of proposed antenna at 2.45, 3.0, and 3.5 GHz are 1, 2, and 2.5 dBi, respectively, and the variation of the gains is about 0.75 dBi. The prototype's radiation patterns were measured at the three frequencies 2.45, 3.0, and 3.5 GHz covering the designated bandwidth were measured, and the corresponding results cross validated with the simulation data are depicted in Fig. 10 . In the measurement, three pattern cuts (i.e., -, -andplanes) were recorded at three selected operating frequencies (2.45, 3.0, and 3.5 GHz), covering the whole of the designated bandwidth in this study. The results are presented in Fig. 10 , which show that the radiation patterns are stable and consistent at all of the designated frequencies.
To check the direct contribution of the neutralization lines to the radiation field, characteristic of the antenna, the simulated radiation patterns of the single element of the antenna and two element antennas without the neutralization lines are presented in Fig. 11 . As can be seen, these radiation patterns are very similar to those in Fig. 10 , with only insignificant distortions.
IV. CONCLUSION
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